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Abstract 
Transition metal dichalcogenides (TMD) are currently among the most interesting two-
dimensional (2D) materials due to their outstanding properties. MoTe2 involves attractive 
polymorphic TMD crystals which can exist in three different 2D atomic lattices of 2H, 1T 
and 1T', with diverse properties, like semiconducting and metallic electronic characters. 
Using the polymorphic heteroepitaxy, most recently coplanar semiconductor/metal (2H/1T') 
few-layer MoTe2 heterostructures were experimentally synthesized, highly promising to build 
circuit components for next generation nanoelectronics. Motivated by the recent experimental 
advances, we conducted first-principles calculations to explore the mechanical properties of 
single-layer MoTe2 structures. We first studied the mechanical responses of pristine and 
single-layer 2H-, 1T- and 1T'-MoTe2. In these cases we particularly analyzed the possibility 
of engineering of the electronic properties of these attractive 2D structures using the biaxial 
or uniaxial tensile loadings. Finally, the mechanical-failure responses of 1T'/2H-MoTe2 
heterostructure were explored, which confirms the remarkable strength of this novel 2D 
system.  
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1. Introduction 
The great success of graphene 
1,2
, emerged the two-dimensional (2D) materials as a new class 
of materials suitable for numerous and diverse applications ranging from nanoelectronics to 
aerospace structures. For the applications in nanoelectronics, presenting semiconducting 
electronic character with moderate and tuneable band-gap is highly desirable. Nevertheless, 
graphene in its pristine form presents zero-band-gap semiconducting property and such that 
opening a band-gap in graphene requires complex physical or chemical modifications such as 
chemical doping or defect engineering 
3–5
. As an alternative, synthesize of other 2D materials 
with inherent semiconducting character such as transition metal dichalcogenides (TMD) 
6–9
 
has been considered as a more reliable approach to exploit in post-silicon electronics.  
TMD include a stoichiometric formula of MX2 in which M is a transition metal element; such 
as Mo, W, Sc, Cr or V; and X is a chalcogen element; like S, Se or Te. A single-layer TMD 
contains a layer of M atoms sandwiched between two layers of X atoms. These attractive 2D 
nanostructures can be synthesized using a top-down exfoliation approach from the bulk TMD 
structures 
10
, or they can be directly grown by a bottom-up technique such as molecular beam 
epitaxy (MBE) 
11
 or chemical vapour deposition (CVD) 
12
. The physical properties of TMD 
nanosheets may show remarkable thickness dependency. In this regards, although the bulk 
MoS2 structure shows an indirect band-gap semiconducting nature, the single-layer MoS2 
interestingly presents a direct band-gap electronic character which is highly desirable for the 
application in nanoelectronics 
13–16
. TMD nanomembranes also exhibit reliable stability and 
mechanical characteristics with stretchabilities comparable to that of the graphene 
17–19
. 
Notably, one can further tune the direct/indirect electronic band-gap of mono/multi-layer 
TMD through applying the mechanical loading 
20–23
. An exciting fact about the TMD 
structures is their polymorphism nature. In this regard, TMD nanostructures may exist in 
three different structural phases including; 2H, 1T and 1T’ 24,25. 2H and 1T phases contain the 
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hexagonal and trigonal structure, respectively, whereas 1T’ is a distorted form of 1T. The 
polymorphism nature of TMD may play critical roles on their physical properties and 
practical aspects. The MoX2 and WX2 TMD nanosheets exhibit contrasting semiconducting 
and metallic electronic characters for the 2H and 1T atomic configurations, respectively 
26,27
. 
Among the various TMD, MoTe2 nanosheets have recently attracted remarkable attention 
because of their very promising electronic, photonic and optical properties 
28–30
.    
Contrasting electronic characteristic of pristine TMD phases, consequently proposes the 
fabrication of heterostructures made from different phases in seamlessly stitched forms in 
order to further tune the electronic and other physical properties. In this context, several 
single-layer TMD heterostructures have been experimentally realized so far, such as 2H/1T 
MoS2 
31
. Most recently, 1T'/2H-MoTe2 
28
, a novel TMD coplanar heterostructure with 
atomically sharp and seamless interfaces was realized experimentally, which shows very 
promising performances as a field-effect transistor 
28
. In a latest experimental study, the 
structural phase transition from 2H to 1T’ in monolayer MoTe2 was achieved by electrostatic 
doping 
29
. Empante and co-workers 
32
 successfully employed the CVD method to synthesize 
2H, 1T and 1T’ pristine phases of MoTe2.  
For the design of novel nanodevices using these 2D materials, comprehensive understanding 
of electronic, mechanical, optical and thermal properties of 2D components play crucial roles 
33–44
. For the materials at nanoscale such as the 2D materials, experimental techniques for the 
evaluation of properties are complicated, time consuming and expensive as well. In these 
cases, first-principles theoretical approaches can be considered as fast viable alternatives to 
explore various material properties in low-cost and trustable level of precision. Kan et al. 
45
 
explored the phase stability and Raman vibration of the 2H, 1T and 1T' MoTe2 monolayers 
using the first-principles simulations. Bera et al. 
46
 recently studied the pressure-dependent 
semiconductor to semimetal in 2H-MoTe2 using the first-principles calculations. The 
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mechanical properties of single-layer 2H-MoTe2 were also investigated using the first-
principles methods by Kumar and Ahluwalia 
47
 and Li et al. 
19
. To the best of our knowledge, 
the mechanical properties of 1T and 1T' MoTe2 monolayers and the possibility of band-gap 
opening in these systems by the mechanical loading have not been studied. Moreover, only 
very recently the 1T'/2H coplanar heterostructures of MoTe2 were realized experimentally 
28
 
and such that studying the mechanical properties of these heterostructures is highly attractive. 
Motivated by the recent experimental advances in the fabrication of MoTe2 pristine phases 
and heterostructures, the objective of present investigation is to explore the mechanical 
properties as well as the strain engineering of electronic properties of these novel 2D systems 
by conducting extensive first-principles density functional theory (DFT) simulations.  
2. Methods  
The DFT calculations were performed using the Vienna ab-initio simulation package (VASP) 
48–50
. The plane wave basis set with an energy cut-off of 500 eV and the generalized gradient 
approximation (GGA) exchange-correlation functional proposed by Perdew-Burke-Ernzerhof 
51
 were employed.  
In this work, we analyzed the mechanical responses of single-layer MoTe2 structures by 
performing uniaxially tensile loading simulations. We applied periodic boundary conditions 
along all three Cartesian directions and such that the obtained results represent the properties 
of large-area single-layer films and not the nanoribbons. Since the dynamical effects such as 
the temperature are not taken into consideration and periodic boundary conditions were also 
applied along the planar directions, only a unit-cell modelling is accurate enough for the 
evaluation of mechanical properties 
52
, we used a unit-cell to model the mechanical properties 
of pristine MoTe2 phases (3 atoms for the 2H and 1T phases and 6 atoms for the 1T’ 
structure). We considered a vacuum layer of 20 Å to avoid image-image interactions along 
the sheets normal direction. After obtaining the minimized structures, we applied loading 
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conditions to evaluate the mechanical properties. For this purpose, the periodic simulation 
box size along the loading direction was increased in a multistep procedure, every step with a 
small engineering strain of 0.001. For the uniaxial loading conditions, upon the stretching 
along the loading direction the stress along the transverse direction should be negligible. To 
satisfy this condition, after applying the loading strain, the simulation box size along the 
transverse direction of the loading was changed accordingly in a way that the transverse 
stress remained negligible in comparison with the stress along the loading direction. For the 
biaxial loading condition, the equal loading strain was applied simultaneously along the both 
planar directions. After applying the changes in the simulation box size, the atomic positions 
were rescaled to avoid any sudden void formation or bond stretching as well. We then used 
the conjugate gradient method for the geometry optimizations, using the convergence criteria 
of 10
-5
 eV and 0.005 eV/Å for the energy and the forces, respectively. For the 2H and 1T 
phases we used a 15×15×1 Monkhorst-Pack 
53
 k-point mesh size whereas for the 1T' a 
7×14×1 Monkhorst-Pack grid was used. To more precisely calculate the electronic density of 
states (DOS), we conducted single point calculations using the tetrahedron method with 
Blöchl corrections in which the Brillouin zone was sampled with a 25×25×1 Monkhorst k-
point mesh size. Since the PBE functional usually underestimate the band-gap values, we also 
calculated the DOS using the HSE06 
54
 hybrid functional with 15×15×1 k-point mesh size. 
3. Results and discussions 
We first study the atomic structures of energy minimized single-layer MoTe2 pristine phases. 
Fig.1, illustrates the atomic lattice of 2H-, 1T- and 1T’-MoTe2. Likely to graphene, MoTe2 
structures also consists of two major directions of armchair and zigzag, as shown in Fig. 1. 
The 2H structure in MoTe2 shows the ABA atomic stacking sequence whereas the 1T and 1T’ 
demonstrate the ABC atomic stacking sequence. For the 2H and 1T, the atomic lattice can be 
well defined by the hexagonal lattice constant (α) and the Mo-Te bond length. In this study, 
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the lattice constants for the 2H and 1T phases were predicted to be 3.549 Å and 3.495 Å, 
respectively. The lattice constant of 2H-MoTe2 was experimentally reported to be 3.551 Å, 
which is in less than 0.06% difference with our estimation. The Mo-Te bond length for the 
2H- and 1T-MoTe2 was also calculated to be 2.731 Å and 2.756 Å, respectively. For the 1T'-
MoTe2 structure, the unit-cell includes a rectangular lattice with dimensions of 3.449 Å and 
6.374 Å, which match excellently with values of 3.452 Å and 6.368 Å reported in the recent 
experimental work by Wang et al. 
29
. In 1T'-MoTe2 two different Mo-Te bonds exist with 
lengths of 2.718 Å and 2.823 Å.  
 
 
Fig. 1, Top and side views of pristine single-layer MoTe2 with 2H, 1T and 1T' atomic lattices. We 
studied the mechanical properties along the armchair and zigzag directions as shown. 
 
We next study the mechanical responses of these 2D structures by conducting the uniaxial 
tensile simulations. In Fig. 2, the DFT predictions for the uniaxial stress-strain responses of 
2H, 1T and 1T’-MoTe2, elongated along the armchair and zigzag directions are plotted. In all 
cases, the stress-strain responses present an initial linear relation which is followed by a 
nonlinear trend up to the ultimate tensile strength point, a point at which the structure yields 
its maximum load bearing strength. The slope of the first initial linear section of the stress-
strain response is equal to the elastic modulus. We therefore fitted a line to the stress-strain 
values for the strain levels below 0.01 to report the elastic modulus. For these initial strain 
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levels within the elastic limit, the strain along the traverse direction (ɛt) with respect to the 
loading strain (ɛl) is acceptably constant and can be used to obtain the Poisson's ratio using 
the ˗ɛt/ɛl. For the 2H and 1T single-layer MoTe2 structures, the acquired results shown in Fig. 
2 reveal that the initial linear responses match closely which accordingly suggest isotropic 
elastic properties. For the 1T'-MoTe2 however along the armchair the stress values take 
higher values which confirm anisotropic elastic response. For the 2H and 1T single-layer 
MoTe2, we predicted the elastic modulus of 76 N/m and 82 N/m, respectively. The Poisson's 
ratio was also estimated to be 0.25 and -0.03 for 2H and 1T lattices, respectively. 
Interestingly the 1T-MoTe2 presents a negative Poisson's ratio and thus can be categorized as 
an auxetic material. The elastic modulus of 1T'-MoTe2 along the armchair and zigzag 
directions were calculated to be 66 N/m and 43 N/m, respectively.  
 
 
Fig. 2, Uniaxial stress-strain responses of polymorphic single-layer free-standing pristine MoTe2 
lattices stretched along the armchair and zigzag directions. 
 
On the other hand, the non-linear part of the stress-strain curves of pristine MoTe2 structures 
are found to be distinctly different depending on the loading direction. For the 2H- and 1T'-
MoTe2 the structures show higher tensile strength along the armchair direction compared 
with the zigzag one. Such an observation is in agreement with earlier studies for the 
mechanical properties of 2H transition metal dichalcogenides 
19
 and group IV graphene-like 
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2D materials. Nevertheless, this finding is reversed for 1T-MoTe2 in which along the zigzag 
direction the structure yields a higher tensile strength and stretchability.  
 
 
Fig. 3, Total DOS of unstrained and strained defect-free 2H-MoTe2, for different biaxial or uniaxial 
strain levels of 0.05 and 0.10 as predicted by the PBE and HSE06 methods. The Fermi level is aligned 
to zero energy, and it is presented by the dashed brown line. 
 
To better understand the underlying mechanism causing anisotropic tensile responses of 
MoTe2 pristine phases, we analyzed the deformation process. For the deformation of 2H 
phase during the uniaxial loading, two different bonds can be distinguished, the bond along 
the armchair and the bond oriented along the zigzag direction. During the uniaxial tensile 
loading of single-layer 2H-MoTe2, the bond oriented along the loading direction increases 
and the other bond oriented along the transverse direction of loading contracts. For the 
stretching of 2H-MoTe2 along the armchair direction, one bond is exactly along the loading 
direction and directly involves in the load bearing and such that by increasing the strain level 
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this bond increases substantially. In this case, the bond oriented along the transverse direction 
contract slightly. On the other side, for the uniaxial stretching along the zigzag, one bond is 
almost oriented along the loading direction and the other bond is exactly along the transverse 
direction. In this case, since the bond involving in the load transfer is not exactly inline of the 
loading by increasing the strain level the bond stretching is moderate. In this case the 
contraction of the bond along the transverse direction is more considerable, which helps the 
material to flow easier along the loading direction. As it is clear, the distinctly higher tensile 
strength of 2H-MoTe2 along the armchair direction can be attributed to the fact that during the 
stretching along the armchair half of the bonds are exactly aligned to the loading direction 
and such that the deformation is achieved mainly by the bond elongation.  
 
Table 1, Summary of mechanical properties of single-layer and pristine MoTe2 for 2H, 1T and 1T’ 
atomic configurations. E, P, STS and UTS stand for the elastic modulus, Poisson's ratio, strain at 
the ultimate tensile strength point and the ultimate tensile strength, respectively. The stress unit is 
in N/m, and subscripts zig. and arm. represent the properties along the zigzag and armchair 
directions, respectively.  
 
Structure Earm. Ezig. Parm. Pzig. UTSarm. UTSzig. STSarm. STSzig. 
2H 76 75 0.25 0.25 10.3 4.9 0.3 0.14 
1T 82 82 -0.03 -0.03 5.4 7.4 0.15 0.27 
1T’ 66 43 0.49 0.42 8.1 5.8 0.16 0.14 
 
For the stretching of 1T-MoTe2 along the armchair direction, from every three bonds, two 
bonds are oriented almost along the transverse direction of loading. In this case, only one 
Mo–Te bond, which is exactly along the loading direction is incorporated in the load bearing. 
Therefore, along the armchair direction the stretchability of this bond plays a crucial role in 
the mechanical response. In contrast for the loading along the zigzag direction, two bonds are 
almost oriented along the loading direction and the other bond is exactly along the transverse 
direction. This way, for the 1T-MoTe2 nanomembranes stretched along the zigzag more 
bonds are involved in stretching and accordingly in the load transfer which can explain the 
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higher tensile strength and stretchability as well. Worthy to note that 1T'-MoTe2 shows the 
least anisotropy in the mechanical response in comparison with 2H and 1T phases. The 
predicted mechanical properties of pristine MoTe2 phases are summarized in Table 1. 
Next, we analyzed electronic properties of single-layer MoTe2 pristine phases under different 
loading conditions. In Fig. 3, the calculated total DOS predicted by the PBE and HSE06 
methods for 2H-MoTe2 under different loading conditions are compared. For the unstrained 
2H-MoTe2 the band-gap was predicted to be ~0.7 eV and ~1.4 eV by PBE and HSE06 
functional, respectively. As expected the PBE underestimates the electronic band-gap. 
According to our results depicted in Fig. 3, both PBE and HSE06 predict very similar trends, 
although the estimated band-gap values are different. For 2H-MoTe2 the both PBE and 
HSE06 methods suggest very close band-gaps for the uniaxial loading along the armchair and 
zigzag directions and in the both cases by increasing the loading strain the band-gap 
decreases. For the biaxial loading at strain the level of 0.05 (Fig. 3a and Fig. 3b), both PBE 
and HSE06 approaches reveal that at the zero-state energy (Fermi level) the DOS is not zero 
which confirms that the metallic electronic character. By increasing the strain level to 0.10 
the PBE approach yet suggests metallic response whereas the HSE06 shows a slight band-gap 
opening. As it is clear, the electronic properties of 2H-MoTe2 yield a complicated behaviour 
for the biaxial loading while the uniaxial loading shows very promising performance for 
tuning the electronic band-gap.  
Since the HSE06 is a more valid approach for studying the electronic properties such as the 
band-gap, we concentrated on this method results for studying the electronic properties of 
strained 1T and 1T'-MoTe2. We remind that in agreement with previous study 
26
 we found 
that both unstrained 1T and 1T'-MoTe2 exhibit metallic electronic response. In Fig. 3, the 
calculated total electronic DOS for 1T- and 1T'-MoTe2 under different loading conditions are 
illustrated. For the 1T-MoTe2 the obtained results suggest that the metallic electronic 
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character was kept intact upon the different loading conditions and only for the biaxial 
loading with high strain level of 0.10 a slight band-gap opening of ~0.2 eV is observable. 
These results clearly suggest limited chance for the band-gap opening in 1T-MoTe2 through 
applying the mechanical loadings. On the other side for the 1T'-MoTe2, for the strain level of 
0.05 both the uniaxial loading along the zigzag and biaxial loading could lead to opening of 
~0.2 eV band-gap whereas for the uniaxial loading along the armchair the metallic character 
is retained. In this case, by increasing the strain level to 0.10 all strained systems show 
semiconducting electronic character with very narrow band-gaps.  
 
 
Fig. 4, Total electronic DOS of unstrained and strained 1T and 1T'-MoTe2, predicted by the HSE06 
functional. The Fermi level is aligned to zero energy, and it is presented by the dashed brown line. 
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Fig. 5, Top and side view of the studied 1T'/2H-MoTe2 heterostructure which includes 9 Mo and 18 
Te atoms. The Red box indicates the unit cell boundaries.  
 
We finally analyze the strength of 1T'/2H-MoTe2 heterostructure. In Fig. 5, top and side 
views of the 1T'/2H-MoTe2 heterostructure studied in this investigation are depicted, which 
include 9 Mo and 18 Te atoms. To build the interfaces between 2H- and 1T'-MoTe2, 
observing the periodicity of the structure and also taking into consideration of computational 
limits of the DFT simulations, two different boundaries were formed. In this regard, the first 
interface which exists on the middle of the constructed structure is exactly on the basis of 
experimental observation by Sung et al. 
28
. This interface includes a lozenge geometry 
formed by 4 Te atoms bridging the 2H and 1T' phases. The next interface that we found that 
may exists in experimental samples is shown on the boundary of the constructed system in 
Fig. 5, which includes also a lozenge geometry but made from a single Mo atom stitching the 
two different MoTe2 phases. As it is clear the first 1T'/2H interface shows a denser 
configuration. Moreover, as observable in the side view of constructed structure shown in 
Fig. 5, a slight bucking occurs as a result of existing interfaces in the structure. This can be 
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attributed to the fact that we considered limited number of atoms in this system because of 
the computational costs of DFT simulations.  
 
Fig. 6, Uniaxial stress-strain response of the single-layer 1T'/2H-MoTe2 heterostructure for the loading 
along the normal (armchair) and parallel (zigzag) direction of  1T'/2H interface. 
 
In this work, we investigate the mechanical properties of 1T'/2H-MoTe2 heterostructure by 
conducting the uniaxial tensile simulations along the normal (armchair) and parallel (zigzag) 
directions of 1T'/2H interface (as depicted in Fig. 5). In Fig. 6, the acquired DFT results for 
the uniaxial stress-strain responses of 1T'/2H-MoTe2 heterostructure are illustrated. Likely to 
the pristine MoTe2 phases, the stress-strain response of 1T'/2H heterostructure starts with an 
initial linear relation followed by a non-linear curve up to the ultimate tensile strength point. 
In comparison with the pristine 1T'- and 2H-MoTe2 elongated along the armchair direction, 
the 1T'/2H heterostructure along the armchair direction exhibits lower stretchability (with a 
strain at rupture of ~0.14). Moreover, the tensile strength of heterostructure when stretched 
along the normal direction of 1T'/2H interface is found to be below than that of the both 
native phases along the armchair direction. These preliminary observations can be counted as 
signs that in the constructed heterostructure the rupture occurred along the 1T'/2H interface, 
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when loaded along the normal direction of the formed interface. In Table 2 we compare the 
tensile strengths of 2H and 1T' pristine phases and 1T'/2H heterostructure for the uniaxial 
tensile loading along the armchair and zigzag directions. Interestingly, for the uniaxial 
loading along the zigzag direction, the tensile strength of 1T'/2H heterostructure is higher 
than that of the native 2H phase along the zigzag direction. These results accordingly confirm 
the remarkable mechanical strength of 1T'/2H-MoTe2 heterostructures.  
Table 2, Comparison of ultimate tensile strengths of 2H, 1T' and 1T'/2H heterostructure for the 
uniaxial tensile loading along the armchair and zigzag directions. 
 
Structure 
Tensile strength (N/m) 
Armchair  Zigzag 
1T'/2H heterostructure 7.0 5.7 
2H 10.3 4.9 
1T' 8.1 5.8 
 
In Fig. 7, the deformation process of 1T'/2H-MoTe2 heterostructure is illustrated. As it is 
clear, the rupture in the Mo-Te bond happens for the 1T'/2H interface existing at the 
boundary of system. Interestingly, the 1T'/2H interface that was experimentally realized by 
Sung et al. 
28
, was found to be intact which confirms its higher tensile strength. Since the 
ruptured interface is not the one reported in the experimentally fabricated 1T'/2H-MoTe2 
heterostructure, our predicted tensile strength of 7 N/m should be considered as a lower 
bound and such that the real experimental samples may endure at higher stress values. This 
observation further confirms the outstanding mechanical properties of 1T'/2H-MoTe2 
heterostructures. Our deformation analysis also shows that by applying the strain levels the 
buckling of the constructed model only slightly changes which reveal that the deformation is 
mainly achieved by the bond stretching. Worthy to remind that according to the experimental 
observations by Sung et al.  
28
, the 1T'/2H interfaces were found to form mainly along the 
zigzag edges, which can be explained by the minimal mismatch in the atomic lattices of the 
two native phases in these cases. Nevertheless, further theoretical and experimental 
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investigations on the formations of different types of interfaces along the MoTe2 
heterostructures can be an interesting topic for the future studies. 
 
 
Fig. 7, Top and side views of uniaxial tensile deformation processes of a single-layer 1T'/2H-MoTe2 
heterostructure at different strain levels. The structure is stretched along the normal direction of the 
1T'/2H interface (armchair direction). 
 
4. Conclusion 
The emerging two-dimensional transition-metal dichalcogenides offer appealing physical and 
chemical properties. In this regard, MoTe2 nanosheets have recently attracted remarkable 
attention because of their very promising structural, electronic, photonic and optical 
properties. MoTe2 interestingly shows polymorphism nature, which may exist in three 
different structural phases of 2H, 1T and 1T’, offering diverse physical and chemical 
properties. Most recently, 1T'/2H-MoTe2 a novel coplanar heterostructure was experimentally 
realized, which shows promising performances as a field-effect transistor. In this study, we 
accordingly conducted first-principles density functional theory calculations to explore the 
mechanical properties of single-layer MoTe2 structures. We first studied the mechanical 
responses of pristine 2H, 1T and 1T'-MoTe2 structures by conducting the uniaxial tensile 
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simulations. Our modelling results reveal that the mechanical responses of these two-
dimensional systems are not isotropic and the atomic configurations in the MoTe2 lattices can 
considerably influence the tensile properties. It was found that the 1T-MoTe2 presents a 
negative Poisson's ratio and thus can be categorized as an auxetic material. Based on the PBE 
and HSE06 calculations, it was found that for 2H-MoTe2 the band-gap decreases through 
applying uniaxial tensile loading, which notably confirms the tunability of electronic 
response of this 2D structure. The acquired results nevertheless suggest limited support for 
the band-gap opening in 1T and 1T'-MoTe2 through applying the mechanical loadings. Our 
analysis of the mechanical properties of 1T'/2H-MoTe2 heterostructure confirms that this 
novel two-dimensional structure can yield a remarkably high strength. The insights provided 
by this study can be useful for the practical application of various forms of MoTe2 
nanomembranes including homo and heterostructures for new generation nanodevices.  
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